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The purpose of this research is to conceptualize and 
analyze the shallow unconfined alluvial aquifer system of the 
northern San Luis Valley, south-central Colorado, using 
geographic information system (GIS) database management and 
visualization techniques. A hydrologically oriented GIS 
database was constructed and used for development of the 
conceptual flow system model. The information in the 
database, coupled with published data, was used to derive 
natural system-based hydrologic parameters. Derived
parameters were input into MODFLOW for a two-dimensional, 
finite-difference simulation of the unconfined system.
Site-specific results include a detailed water budget for 
the unconfined alluvial aquifer system of the northern San 
Luis Valley. Previous hydrologic models in this area have 
produced water budgets for the combined shallow system 
(confined and unconfined). For this study, a separate budget 
of 1,545,870 acre-feet per year was developed for the 
unconfined aquifer system. This budget represents the 2942 
square mile topographically closed drainage basin of the 
northern San Luis Valley. In addition, distribution
vi
ER-4226
statistics were compiled for each data layer including 
geology, land use, drainage, and soil associations.
One of the primary objectives of this study was to 
directly link a GIS database with a numerical hydrologic 
model. This was accomplished by the development of a five- 
step procedure to link ARC/INFO with MODFLOW. The development 
of a direct linkage between the ARC/INFO data and MODFLOW 
resulted in: 1) an increased level of accuracy and detail due
to the spatial registration of all the data, and 2) the 
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The purpose of this research was to conceptualize and 
analyze the shallow unconfined alluvial aquifer system of the 
northern San Luis Valley, south-central Colorado, using
geographic information system (GIS) database management and 
visualization techniques. Recent advances in database 
management systems, such as GISs, have increased software and 
data accessibility, fostering a rapid expansion in 
applications. This research utilized the graphical rendering 
capabilities of GIS technology to allow more accurate 
development of the conceptual hydrologic system. The data 
management functions of GIS technology provided site-specific 
information for input to a numerical hydrologic flow model.
The objectives of this study were: 1) to build a
hydrologically oriented GIS database for the northern San Luis 
Valley, Colorado, 2) to extract hydrologic modeling 
parameters from natural system information contained in the
ARC/INFO database, 3) to link these parameters with a
hydrologic modeling program (MODFLOW) , and 4) to configure and 
calibrate a two-dimensional, finite-difference model
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simulating the unconfined alluvial aquifer of the northern San 
Luis Valley. The linkage between the ARC/INFO database and 
MODFLOW allowed the creation of MODFLOW input arrays from 
information in the GIS database, thereby eliminating the need 
for manual cell-by-cell specifications.
1.2 Location of Study Area
The project area encompasses the topographically closed 
drainage basin in the northern part of the San Luis Valley, 
south-central Colorado. The area is bound on the north by 
Poncha Pass, on the east by the Sangre de Cristo Mountains, on 
the west by the foothills of the San Juan Mountains, and on 
the south by a subtle ground water and topographic divide. 
The southern boundary of the study area extends from the 
western edge of the valley, north of the Rio Grande near Del 
Norte, east to a point approximately 8 miles east of Alamosa, 
continuing northeast toward the western edge of the valley 
near Blanca (Figure 1).
1.3 General Hydrologic Setting
The San Luis Valley aquifer system consists of three 
primary hydrogeologic units: an unconfined alluvial unit, a
confined alluvial unit and a confined volcanic unit. All 
three hydrogeologic units are connected in various parts of
ER-422 6 3
SAN LUtS VALLEY, COLORADO
ADAPTED FROM EMERY 1971
Modified after Jodry et. al., 1989
Figure 1. Study area location.
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the valley although all three do not exist in every part of 
the San Luis Valley (Hanna and Harmon, 1989). This study will 
focus on the unconfined hydrogeologic unit.
The study area is part of a high, intermontane Neogene- 
Quaternary sedimentary basin in south-central Colorado that is 
surrounded by two distinct, but hydraulically connected 
regions: the Sangre de Cristo Mountains and the San Juan
Mountains (Huntley, 1976). All surface and most ground water 
in the northern part of the basin flows toward a topographic 
low or sump. The sump is a discharge area characterized by 
increased salinity and a shallow water table.
1.4 Topography and Climate
Elevation of the valley floor ranges from 7500 feet (2286 
meters) in the central part of the valley to greater than 8000 
feet (2438 meters) on the surrounding alluvial fans. The 
valley slopes downward in a general west-to-east direction at 
approximately 6 feet per mile (Woodward-Clyde, 1967). The
eastern border of the valley is the divide of the Sangre de 
Cristo Mountains (Figure 2), which contain peaks in excess of
14,000 feet (4267 meters) elevation and show evidence of 
extensive alpine glaciation. On the west, the San Juan 
Mountains (Figures 3 and 4) are characterized by rolling 
hills, often capped by flat-lying volcanic rocks (Huntley,
E R -4 2 2 6 5
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Figure 2. Sangre de Cristo Mountains, looking east across the 
Great Sand Dunes National Monument.
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Photo C o u r te s y  of K.E. Kolm
Figure 3. Looking west across the San Luis Valley.
Extensive pivot irrigation visible in the 
foreground; San Juan Mountains in the background
Photo  C o u rte sy  of K.E. Kolm
Figure 4. Rolling hills and plateaus of the San Juan
Mountains, looking west across the San Luis Valley
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1976) . In this region of the San Juan Mountains, peaks above
12,000 feet (3657 meters) are uncommon.
Although both mountain groups receive substantial 
precipitation, the climate in the interior of the San Luis 
Valley is typical of desert regions (U.S. Department of 
Commerce; Figures 5, 6 and 7) . The interior of the valley 
receives less than 8 inches (203 mm) of precipitation 
annually. This low precipitation in the valley is almost 
entirely due to orographic influence. Nearly all the air that 
reaches the San Luis Valley must descend over the surrounding 
mountains. As this air descends it becomes warmer and drier, 
resulting in a very dry valley (Doesken and McKee, 1989).
Orographic influence is also evident in diurnal 
temperature fluctuations. Averaged over the course of the 
entire year, the diurnal temperature range in the valley 
exceeds 35 degrees (F) . Long-term climate records indicate 
however, that these extreme day-night temperature differences 
are decreasing (U.S. Department of Commerce). Although some 
error can be attributed to data inaccuracies, the trend is 
consistent across a number of reporting stations. One 
possible explanation may be an increase in humidity resulting 
from the extensive irrigation in the valley. When compared 
with dryland areas, irrigation has been demonstrated to reduce 
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Figure 7. Mean monthly temperature from three reporting stations.
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1.5 History of Water Use
Agriculture has been the principal historical income 
source for San Luis Valley residents. By 1900, over 1800 
miles of canals, ditches and laterals had been constructed in 
the valley, and streams flowing into the valley were fully 
appropriated. This system of surface-water distribution 
provided most of the irrigation needs until about 1950.
As of 1940, use of ground water for irrigation was minor, 
as evidenced by the existence of only 200 large-capacity wells 
(over 300 gallons per minute) across the entire valley. By 
1969, the total number of unconfined large-capacity wells was 
approaching 2500, in addition to some 600 large-capacity wells 
tapping the confined aquifer (McFadden, 1989).
The passage of the 1969 Water Law restricted the 
permitting of irrigation wells. Under the new law, permits 
that constituted a new appropriation of water could be issued 
only for those wells tapping the unconfined aquifer within the 
Closed Basin. Since 1981, the general rule has been to issue 
no permits to drill "new appropriation" irrigation wells in 
the main part of the valley.
1.6 Previous Work
Previously published hydrological and geological data of 
the San Luis basin were used to construct the database for
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this study. As early as 1910, Seibenthal summarized the 
geology of the San Luis Valley and described the relation of 
the artesian basin to geologic structure. Blaney and others 
(1938) described water use in the upper Rio Grande basin and 
reported the results of tank experiments used to estimate 
evapotranspiration. Upson (1939) described physiographic 
subdivisions in the San Luis Valley. Powell (1958) did 
extensive work in the San Luis Valley, including test 
drilling, stratigraphic descriptions of the shallow valley 
sediments and aquifer tests, to provide data for the closed- 
basin drain project. The first published potentiometric map 
of the valley was produced by Powell and is critically 
important to analyze the ground water system changes since 
1958. Emery and others (1971, 1972, 1973) conducted studies 
that resulted in a water resources inventory and water-quality 
descriptions. Huntley (1976) used photographic and thermal 
infrared remote sensors to investigate ground water recharge 
to the aquifers of the northern San Luis Valley. Burroughs 
(1981) described the structural geology of the valley based on 
surface and borehole geophysical data. Crouch (1985) reported 
potentiometric data for the unconfined aquifer, and water- 
level changes that occurred during 1969-80.
Leonard and Watts (1989) presented results from a two- 
dimensional, finite-difference, numerical model of ground
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water flow. The uncalibrated model was used to evaluate 
changes in water levels, rates of leakage, and 
evapotranspiration losses caused by future ground water 
development during a projected 20 year period. McGowan and 
others (1990) used a three-dimensional, finite-difference 
model to simulate the impact of proposed large-scale water 
withdrawals from the aquifer underlying the Baca Grant in the 
northeast part of the San Luis Valley (near Moffat, Colorado) . 
The proposed pumping stresses were so large that cells in the 
shallow aquifers were dewatered, resulting in system 




2.1 Definition of a Geographic Information System (GIS)
A geographic information system (GIS) is a computerized 
set of database management tools. This technology was 
developed for the collection, storage, retrieval, 
transformation and display of real world spatial and non- 
spatial data. Geographic data describe the real world in 
terms of (a) position with respect to a known coordinate 
system, (b) attributes that are unrelated to position, and (c) 
spatial interrelations, or topology. Geographic information 
system components include the computer hardware, applications 
software, and a proper organizational context (Burrough, 
1986) .
2.2 Data Input
Most spatial data were originally recorded and currently 
reside in map form. In order to be comprehensible to the 
computer, this original map form spatial database must be 
converted to digital form. Digitizing may be accomplished by 
hand-digitizing maps of various scales, automated digital 
scanning of maps and lists of data, key entry of data into a
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digital file, or access of pre-existing digital data such as 
remotely sensed images (Burrough, 1986). This data entry 
phase is generally the most expensive aspect of GIS analysis 
due to the labor-intensive nature of the process.
Two-dimensional spatial data occur in three forms: 
points, lines and polygons. Each point, line or polygon in a 
GIS can be given non-graphic information (i.e., attributes). 
There may be many attributes for one particular feature, and 
as new information is learned, additional attributes can be 
added. Further, the GIS will combine existing data in the 
database to produce new information internally. As a result, 
GIS databases can quickly expand to enormous size.
2.3 Spatial Data Handling
Storage and organization of point, line and polygonal 
data are determined by software structure and hardware 
constraints. The data are organized in either a vector mode, 
a raster mode, or a combination of both (Figure 8).
2.3.1 Vector Structure
The vector world contains no cells. All polygon and line 
data are composed of short lines or vectors strung together. 
Points can be described by a single point (nodes) and straight 
lines by two points (arcs). Advantages of the vector approach
ER-422 6 16
(a)
Figure 8. Schematic diagram of a chair in (a) raster and (b) 
vector data.
include the lack of limits on point locations and the 
possibility of "infinite” spatial resolution. A disadvantage 
of the vector approach is that vector data bases tend to be 
large, and overlays and other Boolean (logical) operations are 
complex and time consuming. Additionally, the numerous
existing formats make data exchange difficult.
2.3.2 Raster Structure
A raster is an array of points or cells arranged in 
horizontal rows and vertical columns (i.e., a grid). In a 
raster GIS, each cell represents an area on the earth's
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surface. The shape of the cells is usually square. Each cell 
has a row, a column and a matrix of descriptors (i.e., 
attributes). These cells or rasters are data elements and may 
be grouped into polygons, strung into lines or used separately 
as points. An advantage of the raster approach to spatial 
data handling is the computational simplicity. Since the 
topology is implicit, data layers can be overlaid by summing 
values in the corresponding cells for each layer. Likewise, 
for Boolean (logical) operations there is no need to locate 
corresponding cells, other than by row and column. The 
simplicity of the raster system allows for direct data 
exchange. A disadvantage of the raster approach is that
increased resolution causes a geometric increase in the data 
file size. As a result, there is a necessary compromise 
between resolution and file size.
2.3.3 Triangulated Irregular Network (TIN) Structure
Spatial data in a GIS can also be represented as 
triangular meshes. Triangular meshes (TINs) are terrain 
models represented by the triangulation of irregularly spaced 
points or nodes. These triangles form a sheet of continuous, 
connected angular facets (Burrough, 1986). TINs are most 
useful for precise mapping of a continuous variable (e.g., 
digital elevation). (Figure 9).
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Figure 9. Topographic surface represented by a triangulated 
irregular network (TIN).
2.4 Data Manipulation and Analysis
Virtually all database management systems (DBMSs) have 
capabilities for storage, retrieval, updating, and Boolean 
querying of the database. GIS systems have the additional 
capabilities to perform these tasks on spatial, geographically 
referenced data.
Geographic information systems were designed to unite 
disparate spatial data for complex spatial analyses. 
Analytical capabilities of these systems range from simple 
data subset retrieval, to univariate and multivariate methods
ER-4226 19
of statistical analysis. Sophisticated spatial analysis tools 
include neighborhood function algorithms and interpolation 
methods. By design, a GIS can effectively integrate multi­
faceted data sets for solving complex spatial problems and 
evaluating geographic alternatives.
2.5 GIS: ARC/INFO
The GIS software used for this study is Environmental 
Science Research Institute's (ESRI) ARC/INFO. ARC/INFO is a 
vector-based system that provides digitizing capability, 
interactive graphics editing, relational data storage, data 
management and manipulation functions as well as sophisticated 
overlay operators and geographic analysis tools. ARC/INFO was 
used in this study for construction of a hydrologically 
oriented database, arc-node manipulations (i.e., data editing) 
and geographic overlay analysis to provide more spatially 
accurate input parameters for a numerical hydrologic flow 
model.
2.6 Numerical Ground Water Model: MODFLOW
The term model refers to any representation of a real 
system. To effectively analyze a ground water system, a 
conceptual model must first be developed. A conceptual model 
can never fully describe all the minute details of the real
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system, but is necessary in order to understand flow-system 
behavior (Fetter, 1988) . Once this fundamental step has been 
accomplished, numerical techniques can be applied.
The goal of numerical modeling is to evaluate the rate of 
mass accumulation in a volume element by integration in space 
and time (Narasimhan, 1982). A flow model uses information 
regarding aquifer parameters, boundary conditions and stresses 
as input data when evaluating the quantitative aspects of 
ground water behavior. Most models are used to evaluate the 
distribution of heads and rates of flow. Flow model 
limitations include lack of integration between ground water 
and surface water conditions and the inability to simulate 
moving boundaries or flow in aquifers dominated by fractures, 
joints or solution caverns. The major technical difficulty in 
flow models is trying to find a compromise between the desired 
level of model accuracy and the amount of data and computer 
capacity available (American Water Works Association, 1989).
This study utilized the U.S. Geological Survey modular, 
three-dimensional, finite-difference, ground water flow model 
(MODFLOW) written by McDonald and Harbaugh (1988). This model 
simulates ground water flow using a block-centered finite- 
difference approach and may be used for either two or three- 
dimensional applications. Within the model, layers can be 
simulated as confined, unconfined or convertible between
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confined and unconfined conditions. Flow from external 
stresses such as flows to wells, areal recharge, 
evapotranspiration (ET) , flow to drains and flow through river 
beds can be simulated by MODFLOW.
2.7 ARC/INFO - MODFLOW Linkage
Inherent in constructing and operating a numerical ground 
water flow model is the compilation and manipulation of large 
and cumbersome data sets. Numerous arrays of rasterized data 
are incorporated to define the spatial distribution of 
hydrologic parameters. Output is in the form of arrays that 
must be post-processed for better display.
Currently, the common approach for connecting data from 
a GIS to the ground water flow model is cumbersome. ARC/INFO 
coverages are polygon coverages and must be converted to grids 
for use as MODFLOW input. Additionally, the data must be 
rewritten from the binary format used by ARC/INFO software to 
ASCII (American Standard Code for Information Interchange) 
format, for use as MODFLOW input data. The ground water flow 
model is run external to MODFLOW.
Several software interfaces to create a direct, one- 
stepped linkage between GIS data and MODFLOW are currently 
under development (Orzol and McGrath, 1992, Intergraph Corp, 
1992). An alternative and simpler approach was adopted for
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this study. This study utilized several currently available 
ARC/INFO utilities to provide a logical, direct means of 
transferring data from within the GIS database into usable 
MODFLOW input arrays. Upon completion of the model run, the 
resultant head data may be transferred into a surficial 
modeling software package (e.g. CPS-3, Radian Mapping 






Methods used in this study are divided into seven phases: 
1) database construction, 2) surface and subsurface 
characterization, 3) hydrologic conceptual model development, 
4) numerical model configuration, 5) hydrologic parameter 
estimation, 6) GIS - MODFLOW linkage, and 7) model calibration 
(Figure 10) . These phases are interrelated and some parts 
must be conducted concurrently.
3.2 Database Construction
Available and relevant information was collected and 
analyzed as part of a literature search. Tabular and map data 
must be prepared for input into a GIS. Database construction 
is more time consuming for regional studies where data must be 
gathered from a number of different sources and locations.
Database construction requires ongoing interpretation of 
the data during the input process. Input data such as soils, 
land use, and geology frequently require some interpretation 
and generalization for use as numerical modeling input 





















Figure 10. Study methods flowchart.
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generated from digital elevation topographic data (DEMs).
After the data are successfully loaded into the GIS 
database, data visualization and graphical rendering may be 
performed. These functions are critical elements in 
understanding the interrelations between the different types 
of data.
3.3 Surface and Subsurface Characterization
Past research and field observations were gathered and 
analyzed to characterize the surface and subsurface conditions 
of the northern San Luis Valley. These data include 
topography (relief, slope, aspect), climate, geology 
(lithology and structure) , land use (land management practices 
and cover types), drainage, and soils. These basic and 
interpreted data were analyzed to develop a conceptual model 
of the hydrogeologic framework.
3.4 Hydrologic Conceptual Model Development
The term "model" refers to any representation of a real 
system. To effectively analyze a ground water flow system, a 
conceptual model must first be developed. The hydrologic 
conceptual model is delineated from the hydrogeologic 
framework and should consist of type and distribution of: 1)
recharge, 2) flow paths, and 3) discharge (Turner and Kolm,
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1992). GIS data management and visualization functions are 
used extensively in the conceptual model development phase.
3.5 Numerical Model Configuration
A finite-difference hydrologic model was configured to 
simulate the unconfined alluvial aquifer system of the 
northern San Luis Valley. Model configuration includes the 
determination of: 1) grid size and shape, 2) grid
orientation, and 3) number and types of layers, and 4) 
boundary conditions.
3.6 Hydrologic Parameter Estimation
Published data and field observations were used to refine 
estimates of recharge, discharge, boundary conditions, 
hydraulic conductivity and head. GIS is used to visualize and 
quantify the spatial distribution of various data types (e.g., 
land use, geology, soil associations, etc.). These data may 
be combined with field and lab observations to estimate 
hydrologic parameters. The spatial control capability of the 
GIS may increase the level of accuracy for these estimates.
3.7 ARC/INFO - MODFLOW Linkage
The polygonal and arc coverages in the ARC/INFO database 
must be gridded (or rasterized) to conform to the previously
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defined hydrologic model grid to provide direct assignment of 
site-specific input parameters. This was accomplished within 
ARC/INFO by converting the attributed polygon coverages to an 
appropriate array (or in ARC/INFO terms, a "lattice") . Export 
of this array from ARC/INFO provided a properly formatted 
MODFLOW input array.
The advantages of this linkage are twofold: 1) direct
access of the GIS data layers provides an increased level of 
detail due to the spatial registration of all the data, and 2) 
the tedium of manual cell-by-cell data input is eliminated. 
The elimination of manual data input is particularly important 
for the development and testing of multiple scenarios.
3.8 Numerical Flow Model Calibration
A two-dimensional, finite-difference, hydrologic model 
simulating the unconfined alluvial aquifer system of the 
northern San Luis Valley was constructed and calibrated. Lake 
elevations were used to calibrate the model to present day, 
steady-state conditions. Various methods of data
visualization and graphical rendering were investigated to 






Most of the data used in construction of the GIS database 
exist only in map form. Several steps were required to 
convert these maps into digital formats suitable for GIS 
overlays. After the necessary maps were obtained, each map 
was hand-traced onto mylar for scanning. This step extracted 
specific data sets required for this study, and eliminated 
extra information, such as text, coordinate grids, and 
cultural features which are cumbersome to remove from scanned 
files. The mylar overlays were converted to digital form via 
a Tektronix autovectorizing scanner. Once in digital form, 
the scanned files were converted to International Graphics 
Exchange Standard (IGES) files for import into ARC/INFO.
All editing was performed within ARC/INFO and proved to 
be time consuming despite the precautions and preparations 
noted above. Necessary editing tasks include: 1) correction
of scanning artifacts, such as undesired arcs and incomplete 
polygons, 2) registration of coverages (i.e., layers) to 
real world coordinates, 3) merging of several map sheets to 
create a single project area coverage, and 4) labeling and
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attributing of polygons (Figure 11) . Note that these editing 
steps were necessary for each input layer.
4.2 Description of Database Thematic Layers
General purpose maps refer to mapped data that may be 
used to fulfil a number of different purposes. Maps of the 
distribution of rock types, soil series, or land use are made 
for more limited purposes. These specific-purpose maps are 
often referred to as "thematic” maps because they contain 
information about a single subject or theme (Burrough, 1986). 
The theme may be qualitative or quantitative. Thematic data 
for this study include geology, land use, soil associations, 
drainage, geologic structure, and topography.
4.2.1 Geology
The geology layer for the project area was extracted from 
a 1:500,000-scale geologic map of Colorado (Tweto, 1979). The 
selected area encompassed the entire drainage basin area for 
the northern San Luis Valley. Descriptions of the geologic 
units are found in Appendix A and summarized in Table 1. The 
extent of the mapped units are shown in Figure 12. In a GIS, 
it is a simple operation to reclassify data to a more 
generalized level, but not vice versa. These data were not 
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GEOLOGIC UNITS
Figure 12. Geology of the northern San Luis Valley closed
drainage basin (ARC/INFO polygon coverage). For 
unit descriptions, see Table 1.
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Table 1 
Key to Geologic Units1
Unit Description
Qa Quaternary Modern Alluvium 
Qg Quaternary Gravels and Alluviums
Qgo Quaternary Older Gravels and Alluviums
Qe Quaternary Eolian Deposits 
Qd Quaternary Glacial Drift 
Q1 Quaternary Landslide Deposits
QTsa Quaternary and Late Tertiary Unclassified Surficial 
Deposits and Underlying Alamosa Formation 
Td Tertiary Dry Union Formation 
Ts Tertiary Sante Fe Formation
Tbb Tertiary Basalt Flows and Associated Tuffs, Breccias 
and Conglomerates 
Taf Tertiary Ash-Flow Tuff
Tpl Tertiary Pre-Ash-Flow Andesitic Lavas, Breccias,
Tuffs and Conglomerates 
Tial Tertiary Intra-Ash-Flow Andesitic Lavas 
Tiql Tertiary Intra-Ash-Flow Quartz Latitic Lavas 
Tmi Middle Tertiary Intrusive Rocks
KJdm Cretaceous and Jurassic Dakota and Morrison
Formations
PPs Permian and Pennsylvanian Sangre de Cristo Formation 
Pmb Pennsylvanian Minturn and Belden Formations 
MDO Pre-Pennsylvanian Paleozoic Leadville Limestone and 
one or more Ordovician Formation
Or One or more Ordovician Formations
Yg Precambrian Granitic Rocks of 1400 M.Y. Age Group
Xfh Precambrian Felsic and Hornblendic Gneisses
Xg Precambrian Granitic Rocks of 1700 M.Y. Age Group
Xm Precambrian Mafic Rocks of 1700 M.Y. Age Group
Xb Precambrian Biotitic Gneiss, Schist and Migmatite
^efer to Figure 12 for map. Refer to Appendix A for 
detailed descriptions and distribution statistics.
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understanding the regional system, for development of the 
conceptual model, for assessment of the hydrogeologic 
responses, and for completeness of the database.
4.2.2 Major Structural Features
Regional structural features were developed from a 
geophysical summary map prepared by HRS Water Consultants with 
R.E. Moran (1987) (Figure 13). This information was 
considered to be important because faults and fracture zones 
may be conduits for increased recharge along the margins of 
fault blocks and may be ground water barriers or conduits in 
the San Luis Valley sediments.
Fault activity in the valley sediments may be related to 
breaches in the confining blue clay layer. This may provide 
direct hydraulic communication between the confined and 
unconfined hydrologic systems. The potential recharge of the 
shallow aquifer by vertical upward leakage from the deeper 
confined systems to the unconfined aquifer is thought to be 








Figure 13. Major structural features of the northern San Luis 
Valley closed drainage basin (ARC/INFO arc 
coverage) . Structure interpreted from geophysical 
data (Moran, 1987).
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4.2.3 Land Use and Land Cover
Land use and land cover systems may have significant 
impact on ground water systems, especially in agricultural 
areas such as the northern San Luis Valley. Land use and land 
cover information was provided by the "Land Use and Natural 
Plant Communities" 1:126,720-scale (1 inch = 2 miles) map 
series prepared by the U.S. Department of Agriculture, Soil 
Conservation Service (1976). The following maps from the 
series were used in this study: Saguache County - 4 sheets,
Rio Grande County - 2 sheets, and Alamosa County - 1 sheet. 
Each of these map sheets was separately traced, scanned, 
edited, and georeferenced to real-world coordinates (UTM). 
Then, these individual sheets were merged to form a single 
land use map for the entire project region. The merged land 
use coverage map was labelled and attributed to define the 
correct land use/land cover classes.
These maps provide information regarding land use (6 
classes), range sites (21 classes), associations of plant 
communities (14 classes) and woodlands (13 classes) (Appendix 
B) . These 54 data classes were combined into 16 distinct 
hydrologic units (Table 2 and Figure 14). These generalized 
units were attributed to provide modeling input parameters for 




Generalized Land Use and Land Cover Groups 
with Detailed Components
l a n d  USE CLASSES Generalized Class
Irrigated Cropland------------------ Irrigated Cropland
Natural Plant Associations--------- Nat'l Plant Assoc. (See Appendix A)
Recreation Land----------------------Recreation Land
Subdivision Under Construction---- Urban
Urban Areas-------------------------- Urban
Water Areas-------------------------- Water
RANGE CLASSES Class wnop|fAwns Generalized Class
Alkali Overflow-----Salt Alpine
Alpine Meadows------ Alpine/Subalpine Rockland_____ Rockv
Alpine Slopes------- Alpine/Subalpine Aspen----------- Aspen
Basalt Hills-------- Rocky Cottonwoods
Chico Land Salt Willows------ Cottonwoods-Willows
Deep Sands-----------Sand/Loam Douglas Fir---- Spruce-Fir
Foothill Loam ———Sand/Loam Duneland — — -Sand/Loam
Foothill Sands- — Sand/Loam Lodgepole Pine-Mixed Conifers
Limy Bench——— — — —Sand/Loan Mixed Conifers
Loamy Park Sand/Loam and Aspen---- Mixed Conifers
Mountain Loam------- Sand/Loam Mixed Conifers
Mtn Loam ( l C - W )  Sand/Loam and Rockland-Mixed Conifers
Mountain Outwash----Outwash Pinyon
Mountain Meadows— Alpine/Subalpine Juniper— — Pinyon—Juniper
Salt Flats Salt Ponderosa Pine
Sand Hummocks— — Sand/Loam Douglas Fir——Mixed Conifers
Sandy Bench— — Sand/Loam Ponderosa Pine,
Shallow Loam— — Sand/Loam rocky— — — Mixed Conifers
Subalpine Loam------ Alpine/Subalpine Rock Outcrop---Rocky
Valley Sands— — Sand/Loam Spruce—Fir——— —Spruce—Fir
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LAND USE CLASSES
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P i nyon/Jun i per 
S p r  u c e / F i r  
Natural Plant Communities 
Irr igated Cropland
I .| Urbon/Under Development
^^Recreational Land 
M m  Water
Figure 14. Generalized land use of the northern San Luis 
Valley closed drainage basin (ARC/INFO polygon 
coverage). See Appendix B for detailed classes.
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Soils data were obtained from three general soils maps 
prepared by the U.S. Department of Agriculture, Soil 
Conservation Service. The source maps include the 1:253,440- 
scale Alamosa Area (USDA/SCS, 1973), the 1:316,800-scale 
Saguache County area (USDA/SCS, 1984), and the 1:253,440-scale 
Rio Grande County area (USDA/SCS, 1980).
Map units on the general soils maps represent areas that 
have distinctive patterns of soils, relief and drainage. Each 
unit reflects a unique natural landscape, and typically 
consists of one or more major soils classes and some minor 
soils classes. Further combining of map units were necessary 
to provide consistency across county lines. Figure 15 shows 
the resulting map, while explanations listed in Appendix C 
provide detail on the generalized soil units. The small-scale 
general soils maps are not suitable for detailed 
investigations, but are well-suited for regional studies.
The USDA Soil Conservation Service classify soils into 
four hydrologic soil groups (A, B, C, D) to estimate runoff 
from precipitation. The soils are grouped according to the 
intake of water when the soils are completely saturated and 
receive precipitation from long-duration storms. For this 
study, a weighted average technique was used to assign a 
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SOIL ASSOCIATIONS
Figure 15. Generalized soil associations of the northern San 
Luis Valley closed drainage basin (ARC/INFO 
polygon coverage).
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to each of the sixteen generalized soil associations shown in 
Figure 15. Each constituent of the generalized map units was 
compared by hydrologic group type and spatial distribution; 
with the more widely distributed classes exerting the higher 
influence. A single hydrologic soil group classification was 
then assigned to each of the sixteen generalized map units. 
Distribution of the hydrologic soil groups is mapped in Figure 
16. USDA Soil Conservation Service hydrologic soil group 
criteria are defined in Appendix D.
In the San Luis Valley there is very little A horizon 
soil. When using soil data to derive hydraulic conductivity 
information, the values will likely be underestimated. This 
is due to the coarsening of alluvial materials with depth and 
the potential development of hardpan surfaces in arid regions, 
such as the San Luis Valley.
4.2.5 Topography
Digital elevation models (DEMs) are digital records of 
terrain elevations for ground positions at regularly spaced 
intervals. The U.S. Geological Survey distributes DEM data as 
a series of grid models corresponding to one-degree of 
latitude by one-degree of longitude. These one-degree by one- 
degree blocks correspond to either the east or west halves of 
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HYDROLOGIC SOIL GROUPS
Group A HIGH INFILTRATION RATE 
Group B MODERATE INFILTRATION RATE 
Group C SLOW INFILTRATION RATE
Gr oup D VERY SLOW INFILTRATION RATE
Figure 16. Hydrologic groupings for soil associations in the 
northern San Luis Valley closed drainage basin 
(ARC/INFO polygon coverage).
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grid contains elevation values spaced at three seconds of arc 
(either latitude or longitude); thus the models contain 1201 
columns and rows. Because the DEMs are defined in terms of 
latitude and longitude, the grids can be readily spliced 
together to cover larger areas. The actual ground spacing of 
the grids will vary by latitude (in the east-west direction) , 
as longitude meridians converge toward the poles. At the 
latitude of the San Luis Valley, three-arc-second spacing 
translates into approximately 92.5 meters north-south and 74.5 
meters east-west.
4.2.5.1 ARC/INFO Processing of Topographic Data
The processing of large, structured data sets (such as 
DEMs) in the currently available version of ARC/INFO (Version 
5.0.1) is cumbersome. ARC/INFO can support DEMs up to a 
maximum of 1024 columns and rows, however, the models must 
have an equal number of columns and rows. This size limit 
proved too small for the current study, which required the 
joining of parts of four different DEMs. ARC/INFO also 
supports point files containing individual elevation points, 
and triangulated irregular networks (TINs) that allow surface 
representation by a series of triangular facets. Both of 
these alternatives have limits. ARC/INFO cannot accept more 
than 50,000 individual points, and TIN methods become less
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acceptable in areas of extreme relief (e.g., the mountains 
surrounding the San Luis Valley).
As an alternative, the DEM data for the northern San Luis 
Valley drainage basin were gridded and contoured independently 
of ARC/INFO and imported into ARC/INFO as contours rather than 
points. This procedure produced a topographic data set within 
ARC/INFO (Figure 17) that better matches the original data 
(USGS 1:250,000 scale topographic maps) for the area.
Elevation data for the project area were obtained from 
four U.S. Geological Survey DEM files: Montrose East, Pueblo
West, Trinidad West and Durango East. Subsets of DEM data 
were extracted from each one-by-one degree grid (Figure 18) to 
provide necessary coverage of the study area. The extracted 
subsets retained the same file structure as the source DEMs. 
The extracted files were converted into binary flat files to 
facilitate sorting and gridding. The binary flat files were 
merged to create a single project coverage elevation file. 
This merged "mega-file" was re-gridded to provide a uniform 
grid at lOO-x-lOO meter spacing, and contoured with a 200 foot 
contour interval. The contour file was imported into 
ARC/INFO, and converted to a TIN (Figure 19) for visualization 
and analysis. The results appeared very similar to the 
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Figure 18. DEM block extractions necessary to produce San 
Luis Valley topographic data set.
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Altitude = 35 Source Data:
Azim uth = 330
Z scale = 1 3  USGS 1 Degree DEMs
Data Limits:
Longitude = 105:15 - 106:45 W  
Latitude = 37:15 - 38:30 N
Figure 19. 3-dimensional view of the northern San Luis Valley
region from DEM data.
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4.2.5.2 Slope and Aspect Data Processing
Topographic data and derivative information, such as 
slope and aspect, are essential for understanding regional 
hydrologic basin flow characteristics. ARC/INFO has a program 
to calculate slope gradient values from TIN models. This is 
accomplished using the equation:
tan G = [ (dZ/dX)2+(dZ/dY)2]1/2;
where Z is the altitude, X and Y are the map coordinates of 
the altitude, and G is the gradient of the slope in degrees 
(ESRI, 1989) . A slope gradient map of the study area is shown 
in Figure 20.
The slope aspect values can then be calculated using the 
equation:
tan A = -(dZ/dY) / (dZ/dX) , (Jf < A < Jf ) ;
where Z is the altitude, X and Y are the map coordinates of 
the altitude, and A is the slope azimuth (Burrough, 1986). A 
slope aspect map of the study area is shown in Figure 21.
38 
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Drainages in the project area were traced from U.S. 
Geological Survey 1:250,000-scale topographic maps. For 
hydrologic analyses, drainage densities may indicate areas of 
recharge. Drainages in the model area were classified as 
follows: 1) perennial stream, 2) ephemeral stream, 3)
irrigation canal or 4) lakes (Figure 22). Summary statistics 
for the classified drainages are listed in the table below.
Drainage Class Total
Perennial Stream (ft) 6,906,797
Ephemeral Stream (ft) 563,476







Figure 22. Classified drainage for the northern San Luis 




SURFACE AND SUBSURFACE CHARACTERIZATION
5.1 Geologic and Structural Setting
The San Luis Valley is part of the much larger Rio Grande 
Rift Zone, which extends from southern New Mexico northward 
through the San Luis and Upper Arkansas Valleys to near 
Leadville, Colorado. This intermountain valley opens 
southward towards New Mexico and extends north-south 
approximately 150 miles and east-west some 50 miles.
The San Luis Valley is bordered on the east by the linear 
Sangre de Cristo Mountains, the result of extensive block 
faulting. This faulting resulted in the placement of 
Precambrian basement, Paleozoic sedimentary, and Tertiary 
intrusive rocks in contact with Tertiary valley-fill deposits. 
The western side of the valley is bounded by the San Juan 
Mountains, the result of extensive Tertiary volcanism. In 
sharp contrast with the steeply faulted eastern side of the 
valley floor, the Oligocene volcanics of the San Juan 
Mountains dip gently eastward into the valley floor where they 
become interbedded with valley-fill deposits (Zackman, 1989).
The subsurface of the valley is broken by a major horst 
block essentially bisecting the valley from near the town of
ER-4226 53
Saguache, Colorado, southward to the New Mexico border. This 
horst block is flanked on both sides by deep basins: the Baca
Graben to the east and the Monte Vista Graben to the west 
(Figure 23) . Geophysical data indicate that depths to 
basement in these basins are 19,000 and 10,000 feet 
respectively (Burroughs, 1981).
Overlying these basement blocks is a thick sequence of 
Tertiary and Quaternary age valley-fill sediments and 
volcanics. This erosional debris consists of gravel, sand, 
silt, clay, lava flows and other volcanics. Sediments are 
coarser at the valley boundary and fine toward the center.
5.2 Hydrogeology
The floor of the San Luis Valley is underlain by 
thousands of feet of water-bearing sedimentary deposits. The 
aquifer system consists of three, interconnected hydrologic 
units: the unconfined alluvium, the confined alluvium, and
the confined volcanics. Due to the hydraulic connection 
between the units, development of one unit may affect the 
remaining aquifers.
The uppermost unconfined unit consists of sands and 
gravels of the upper Alamosa Formation. This unit extends 
across the majority of the central Valley (Figure 23) and 
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Figure 23. Schematic cross-section of the northern San Luis 
Valley, Colorado.
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unconfined unit is marked by a discontinuous lacustrine clay 
layer. Where the clay unit is absent, the unconfined alluvial 
unit and the confined alluvial unit are in direct hydraulic 
connection.
The majority of the confined alluvial unit is composed of 
Quaternary alluvium and Tertiary sediments. This shallow, 
confined alluvial unit is the major source of ground water in 
the valley. The top of the unit is defined by the lacustrine 
clay layer of the Alamosa Formation. The base of the unit in 
the western part of the valley is marked by a series of ash- 
flow tuff units (Hanna and Harmon, 1989). Thickness of the 
unit ranges from 500 feet in the western part of the valley to 
over 5000 feet in the Baca Graben.
The deeper confined volcanic unit extends from the base 
of the shallow confined alluvial unit to Precambrian basement. 
This unit is not well defined due to the lack of wells 
completed in this part of the system. Depth to the unit 
ranges from 2500 feet in the eastern part of the valley to 
15,000 feet in parts of the Baca Graben. Available data 
indicate that the water within this unit is of very poor 
quality (Williams and Hammond, 1989).
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5.3 Vegetation and Soils
Vegetation distribution throughout the project area is 
primarily controlled by elevation, slope, aspect, soil 
quality, water availability and water quality. At the higher 
elevations, on the bordering San Juan and Sangre de Cristo 
mountains, coniferous forest are the dominant vegetation 
(Figure 14) . These forests species are zoned according to 
elevation and in descending order are: Engelmann spruce
(Picea engelmannii) , bristlecone pine (Pinus aristata), 
subalpine fir (Abies lasciocarpa), lodgepole pine (Pinus 
contorta), Colorado blue spruce (Picea pungens), Douglas fir 
(Pseudotsuga menziesii) and ponderosa pine (Pinus ponderosa) 
(Huntley, 1976). Aspen (Populus tremuloides) distribution is 
governed by moisture availability and can serve as an 
indicator of unstable surficial materials. Aspen are 
phreatophytes and are present from the margins of the San Luis 
Valley to treeline in the surrounding mountains.
The higher flanks of the San Luis Valley floor contain 
antelope brush (Pursbia tridentata), pinon pine (Pinus edulis) 
and juniper (Juniperus monosperma) indicating well-drained 
sandy soil. Rock spirea (Holodiscus dumosus), scrub oak 
(Quercus gambelii) and gooseberry (Ribes inerme) are present 
in the more moist areas at this elevation.
The valley floor contains numerous phreatophytes
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including rabbitbrush (Chrysothamnus nauseosus), greasewood 
(Sarcobatus vermiculatus), saltbush (Atriplex canescens), 
willows (Salix s p p.) and narrowleaf cottonwoods (Populus 
angustifolia). Greasewood occupies approximately 400,000 
acres in the valley and is an indicator of shallow water 
tables (20 feet or less). This salt-tolerant shrub thrives in 
soils of up to 9% salt (Robinson, 1958). Rabbitbrush serves 
as an indicator of disturbed soils and is associated with 
greasewood where the water table is moderately deep (greater 
than 10 feet). Where the water table is shallow (less than 5 
feet), rabbitbrush is associated with saltgrass (Distichlis 
stricta) (Dixon, 1989). Where the water table is less than 2 
feet however, neither greasewood nor rabbitbrush can survive. 
Sagebrush (Artemisia tridentata) and saltgrass are the common 
xerophytes in the valley.
5.4 Drainage
There are 1791 miles of streams and canals in the 
northern San Luis Valley. Saguache and San Luis Creeks are 
the major streams entering the valley. Numerous smaller 
streams enter from the adjacent San Juan and Sangre de Cristo 
Mountains. The majority of these streams are intermittent and 
infiltrate into the valley fill shortly after entering the 
valley.
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Drainage densities can indicate areas of recharge. The 
floor of the northern San Luis Valley is characterized by 
coarse drainage density indicating permeable materials and a 
dry climate. The drainage channels in the upper reaches of 
the San Luis Valley are partially penetrating before 
disappearing into the main valley. The region is poorly 
dissected and the shallow aquifers are regionally continuous.
5.5 Topography
Topographic data, and derivative information such as 
slope and aspect, are essential for understanding regional 
hydrologic basin flow characteristics. The basin geometry of 
the northern San Luis Valley is characterized by several 
thousands of feet of relief between the valley floor and the 
surrounding mountains. The resulting energy gradient for the 
shallow hydrologic system is steep with, potentiometric lines 
roughly parallel to the San Juan and Sangre de Cristo Mountain 
fronts.
Well defined correlations between vegetation type and 
slope and/or aspect were not apparent from the GIS analysis, 
although these correlations were observed on-site. Possible 
explanations include: 1) decimation of the topographic source
data (i.e., 3-arc second DEMs) necessary for ARC/INFO input 
and subsequent TIN operations, 2) DEM resolution too coarse to
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detect many of the steep, narrow valleys located in the 
mountains surrounding the northern San Luis Valley, or 3) 
generalized, regional-scale vegetation data.
ER-422 6 60
Chapter 6
HYDROLOGIC CONCEPTUAL MODEL DEVELOPMENT
6.1 Geologic Framework Conceptualization
The northern San Luis Valley is part of a high, 
intermontain sedimentary basin flanked by the Sangre de Cristo 
Mountains on the east and the San Juan Mountains on the west. 
North of Alamosa, water in the shallow unconfined aquifer 
flows within a topographically closed basin (Figure 24) toward 
a topographic low or sump. The sump is characterized by 
saline surface and shallow ground water. The conductivity 
generally increases from all directions toward the lowest part 
of the closed basin (sump) in both the shallow confined and 
unconfined alluvial aquifer systems (Glanzman, 1989). 
Evapotranspiration losses are the major discharge from the 
ground water system and dissolved-solids concentrations may 
exceed 30,000 mg/L (Williams and Hammond, 1989).
The closed basin is separated from the rest of the 
northern San Luis Valley by a low topographic divide and 
ground water divide. For years, the closed basin has 
discharged neither surface nor ground water from the 
unconfined system to the Rio Grande (Powell, 1958). Both the 
surface and ground water divides may be occasionally breached,
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Figure 24. 3-dimensional topographic relief of the northern 
San Luis Valley closed drainage basin (from DEM 
data).
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however. Siebenthal (1910) identified a drainage course to 
the Rio Grande that presumably flows during unusually large 
run-off events.
The ground water divide is believed to have developed in 
response to surface water irrigation on the Rio Grande Fan. 
Most of the Rio Grande flow is diverted for irrigation and the 
recharge to the unconfined alluvial aquifer system from 
unconsumed irrigation water may have raised the hydraulic head 
by some 50 to 100 feet (Powell, 1958) , thus creating the 
ground water divide. This ground water divide marks the 
southern boundary of the closed basin and probably migrates 
north and south in response to seasonal and long term changes 
in irrigation return flow and ground water withdrawals (Hearne 
and Dewey, 1988).
The blue clay confining layer is a significant geologic 
feature that affects the hydrology of the northern San Luis 
Valley (Emery et. al., 1973). This lacustrine clay layer is 
more accurately represented as a discontinuous clay series. 
Where the clay series exists, it separates the shallow 
confined alluvial unit from the unconfined alluvial unit. 
Where the blue clay is absent, these two units are in direct 
hydrologic connection. Breaches in the clay layer may be 
related to faults and may allow vertical upward leakage from 
the confined to the unconfined and the many springs in the
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area (Williams and Hammond, 1989).
Recharge areas are characterized by decreasing potential 
with depth (i.e., a downward component of ground water 
motion). Discharge areas are characterized by increasing 
potential with depth (i.e., an upward component of ground 
water flow). At some point between the recharge and discharge 
zones there will be a line (or zone) of separation 
characterized by constant potential with depth (i.e., no 
vertical component of ground water flow). Typically, these 
vertical components of ground water flow are controlled by the 
shape of the water table and the underlying geology (Huntley, 
1976).
The resulting conceptual model of the northern San Luis 
Valley is a system of interlayered aquifers and leaky 
confining beds. Each of these aquifers is limited in areal 
extent and contains highly variable hydrologic properties 
(Hearne and Dewey, 1988).
6.2 Types and Distribution of Recharge
Five recharge components were defined for the shallow 
aquifer system of the northern San Luis Valley: 1)
precipitation, 2) seepage from irrigation canals, 3) vertical 
upward leakage through breaches in the confining blue clay 
series, 4) artificial recharge from irrigation return flow,
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and 5) net flux from the contributing San Juan and Sangre de 
Cristo Mountain drainage basins.
Precipitation was considered to be uniform (7.6 inches 
per year) across the valley floor based on long-term climate 
data (Figure 5) . Mountain precipitation rates are 
significantly higher, based on long-term climate records. 
Unlined irrigation canals (Figures 22 and 25) recharge the 
unconfined aquifer as water seeps through the canals during 
the growing season. The discontinuous nature of the blue clay 
confining layer provides localized areas of direct hydraulic 
communication between the shallow confined and unconfined 
aquifers. Structural features (Figures 25) may be related to 
discontinuities in the blue clay layer resulting in zones of 
increased leakage from the confined system to the unconfined.
The arid climate of the northern San Luis Valley requires 
irrigation to sustain agricultural activity (Figure 14). The 
irrigation volume not consumed by vegetation or evaporation is 
returned to the unconfined alluvial system. Finally, the 
surrounding mountains provide substantial recharge to the San 
Luis Valley hydrologic system.
6.3 Types and Distribution of Discharge
Evapotranspiration rates for the northern San Luis Valley 
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Figure 25. Plan view of hydrologic model components for the 
northern San Luis Valley hydrologic system.
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and vegetation (distribution and type). Discharge areas are 
indicated by increased salinity (Figure 25). Salt tolerant 
vegetation is abundant in these areas except where the water 
table is very shallow (less than two feet) . In these high 
water table areas (e.g., the sump), evapotranspiration rates 
are at or near Class A pan evaporation values (Hearne and 
Dewey, 1988) .
6.4 Flow System Driving Forces
The primary driving force acting on the hydrogeologic 
system is climate. Factors include thermal gradient, 
altitude, aspect, seasonal precipitation patterns, and diurnal 
fluctuations. Gravity or slope is an additional important 
driving force. Driving forces for this study are represented 
by precipitation (recharge component), evapotranspiration 
(temperature, aspect, vegetation and land use components) , and 
slope (gravity component).
Some of the interrelations can be shown with the GIS 
data. For example, much of the vegetation in the study area 
exhibits topographic control. The coniferous forests are 
largely contained within a topographic band ranging between 
8500 feet and 10,000 feet elevation (Figure 26). Aberrations 
in this pattern are believed to be due primarily to the 





Coniferous forests between 8500 and 10000 feet elevation 
Contour Interval = 200 feet
Figure 26. Topographic control on coniferous forests in the 
mountains surrounding the northern San Luis 
Valley.
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ARC/INFO data constraints, and the resolution of the source 
data.
6.5 Summary of the Hydrogeological Conceptual Model
In the northern San Luis Valley, water in the shallow 
hydrologic system flows within a topographically closed basin. 
The shallow flow system is recharged by precipitation (valley 
and mountains), seepage from irrigation canals, vertical 
upward leakage from the confined to the unconfined system, and 
irrigation return flow. Discharge from the closed drainage 
basin is dominated by evapotranspiration processes. A 
schematic cross-section of the northern San Luis Valley flow 
system is illustrated in Figure 27.
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Figure 27. Schematic hydrogeologic cross-section of the 



































NUMERICAL FLOW MODEL SIMULATION
7.1 Selection of Model Grid
In order to numerically simulate the conceptual flow 
system of the unconfined alluvial aquifer in the northern San 
Luis Valley, the area is divided into a number of square or 
rectangular cells. Continuous hydraulic properties of the 
porous medium (i.e., the ability to store and transmit water) 
are represented as discrete functions of space by assuming 
them to be uniform within each cell (Hearne and Dewey, 1988). 
Heterogeneities can be accommodated by allowing these 
hydraulic properties to vary from cell to cell.
The model grid consists of 3196 one-mile by one-mile 
nodes (67 horizontal rows by 47 vertical columns). The 1565 
active cell locations were determined by the extent of the 
saturated deposits (Figure 28). The grid is elongated north- 
south, roughly parallel to equipotential lines derived from 
the conceptual model.
The unit of interest is the unconfined alluvial system 
and is separated from the confined alluvial aquifer (for the 
most part) by the confining blue clay series. As a result, 







G rid Cells = 1 m ile x  1 m ile 
G rid Layout Controlled by Extent of Saturated Deposits
Figure 28. MODFLOW grid overlain onto drainage.
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research indicates that the blue clay layer leaks throughout 
the valley (Emery, 1973). Concentrated leakage occurs where 
the confining layer has been breached. These areas of 
concentrated leakage are believed to be coincident with major 
structural features (faults) in the valley and can be 
accommodated by specifying an increased vertical upward 
leakage rate along major structural features.
Model assumptions include: 1) steady-state flow, 2) two-
dimensional flow, 3) no flow across the ground water divide 
(southern boundary of the model), 4) uniform precipitation 
across the valley floor, 5) uniform vertical upward leakage 
along major structural features, and 6) uniform seepage rates 
along irrigation canals. These assumptions are discussed in 
the following sections.
7.2 Specification of Boundary Conditions
The northern, eastern and western boundaries of the 
hydrologic model grid are treated as specified-flux 
boundaries. This allows input of the significant recharge 
components supplied by the Sangre de Cristo and the San Juan 
Mountains. The flux values represent a net value
(precipitation minus evapotranspiration) for each of the 
contributing mountain drainage areas. The southern extent of 
the grid is marked by a ground water divide and is represented
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in the model as a no-flow boundary.
Lakes are believed to represent discharge sites in the 
study area. Constant head nodes were assigned to grid nodes 
containing discharge lakes. This provided control in the 
central part of the model area and insured that the 
potentiometrie surface elevation would be accurate at these 
locations. By specifying constant head nodes at discharge 
sites, all constant head contribution is limited to 
evapotranspiration (outflow).
7.3 Hydrologic Parameter Estimation
The parameter estimation process was greatly aided by the 
GIS data management and visualization functions. Since all 
the data layers were registered to real-world coordinates 
(UTM), the problems associated with trying to mentally 
assimilate numerous maps at various scales into a coherent and 
workable data layer were avoided. For example, from the 
information in the GIS database, a map of all the irrigated 
land within the project area was rapidly generated (Figure 
29). Additionally, statistics can be quickly generated that 
accurately delineate the geographic area covered by such a 
land use (Figure 29).
Many of the hydrologic parameters used in this study are 
derived from previously published work. The significance of
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Total Irrigated Area = 1.44117E+10 ft2 
Mean = 5.14705E+08 ft2 
Minimum = 5.38565E+05 ft2
Maximum = 1.08596E+10 ft2 Frequency = 28
Figure 29. Map of irrigated land within the northern San Luis 
Valley closed drainage basin with summary 
statistics.
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the GIS data management approach is the increased spatial 
accuracy and analytical time-frame resulting in a better 
defined numerical representation of the hydrologic system. 
The various GIS data components and the resulting MODFLOW 
input arrays are outlined in Figure 30.
7.4 Estimation of Recharge Components (Inflow)
The recharge components of the model include: 1)
precipitation, 2) seepage from irrigation canals, 3) vertical 
upward leakage from breaches in the confining blue clay 
series, and 4) artificial recharge from irrigation return 
flow. The spatial distribution of these components was 
assigned using the information contained in the GIS database. 
By selectively attributing various data layers, site-specific 
recharge data are provided for the MODFLOW model are provided 
in the table below.
LAYER ATTRIBUTE RATE (ft/y) #CELLS VOLUME (ac-ft/y)
Canals Seepage Estimate 0.51 327 57,710
Structure Leakage Estimate 1.56 226 266,200
Land Use Irrigation Return 0.65 465 192,2 64
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Figure 30. GIS data components with the resulting MODFLOW 
arrays.
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A uniform precipitation value (7.6 inches per year) for 
the active model area is based on long-term climate records 
from three reporting stations (Saguache, Alamosa and Del 
Norte). The estimates of recharge for canals and structural 
features represent a volume along a linear reach. This 
precluded the direct import of this information into a model 
grid. To be numerically consistent, an average length of arc 
(canal or structural feature) across a particular grid cell 
was determined. The flow along this reach was then 
distributed across the entire cell (one-square mile). The use 
of an average length trace was determined to be an adequate 
representation given the lack of quantitative control 
regarding flow rate data.
Irrigation canals were assigned a seepage estimate of 
0.51 feet per year per linear foot of canal (French, 1985). 
This seepage estimate incorporates a number of variables such 
as canal width, depth and liner materials. This estimate was 
used as a recharge input component for the numerical 
hydrologic model and is based on a representative type-section 
of canal. A leakage rate of 0.51 feet was allowed through a 
20 foot wetted perimeter for 120 days each year for the 84 
miles of canals:
Rate * Wetted Perimeter * Time * Length = Seepage Volume
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This results in a calculated volume of 57,710 acre-feet per 
year leaking from irrigation canals into the unconfined 
aquifer.
The irrigation return flow rate was calculated based upon 
an average irrigation volume of 1,100,000 acre-feet per year 
for years 1940 - 1979 (Leonard and Watts, 1989) . Total annual 
average crop demand (the product of irrigated acreage * ET 
rate) was 907,736 acre-feet. By subtracting the crop demand 
from the irrigation volume, a return flow volume of 192,264 
acre-feet per year was obtained. When divided by the 330,956 
irrigated acres (as defined by the classified Land Use GIS 
layer), the resulting return flow rate equals 0.65 feet per 
year.
Recharge volumes for the San Juan and Sangre de Cristo 
Mountains were simulated as net fluxes (recharge minus 
evapotranspiration) along the northern, eastern and western 
perimeter of the model. Huntley (1976) separated streamflow 
and ground water inflow for both the San Juan and Sangre de 
Cristo Mountains surrounding the northern San Luis Valley. 
From the Sangre de Cristo Mountains, Huntley (1976) determined 
that ground water inflow was 3.5% of the total inflow. For 
the San Juan Mountains, ground water inflow was calculated to 
be 26.3% of the total inflow. Based upon this work, ground 
water inflow was considered to be the recharge component for
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the shallow confined aquifer, while streamflow was assumed to 
be recharging the unconfined alluvial aquifer.
7.5 Estimation of Evapotranspiration Components (Outflow)
The outflow component for the model includes both 
transpiration by crops and native vegetation as well as 
evaporation from soil and open water surfaces. Due to the 
lack of data available to evaluate the rates of transpiration 
and evaporation separately, they are considered as one 
process, evapotranspiration.
The rate of evapotranspiration is affected by climate, 
soil conditions, aquifer characteristics and vegetation 
(distribution and type). Evapotranspiration is generally one 
of the most significant and least understood components of the 
hydrologic budget, particularly in arid areas. It is often 
estimated as the residual of the hydrologic budget once the 
other items are known. For this study, it is proposed that 
more accurate estimates can be determined by combining data 
obtained from previous research with the spatial control 
afforded by the GIS data management functionality.
A number of methods exist for measuring 
evapotranspiration rates for both agronomic crops and 
naturally occurring vegetation. Although it is possible to 
determine fairly accurate rates experimentally, it is
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difficult to extrapolate these data to large geographic areas. 
Problems include variations in vegetation density and vigor 
due to a high degree of variability among soil conditions, 
water availability and terrain (i.e., slope and aspect). 
These difficulties are often compounded by a lack of adequate 
available information.
Monthly coefficients for various vegetation types in the 
San Luis Valley and surrounding mountains were calculated by 
Hearne and Dewey (1988) on the basis of soil, plant, and 
atmospheric conditions. These monthly coefficients were used 
to estimate daily potential evapotranspiration from daily 
potential evaporation (Hearne and Dewey, 1988). For this 
study, the monthly coefficients were averaged to provide an 
annual coefficient for each vegetation type.
Vegetation is the primary consumer of ground water in the 
northern San Luis Valley. Native vegetation alone accounts 
for nearly one-half of evapotranspiration in the northern San 
Luis Valley (Emery et. al., 1971). For model input 
(evapotranspiration module), the land use coverage was 
attributed as shown in Table 3.
The land use data were rasterized and those cells covered 
by more than one type of land use class were assigned a class 
based on the area covered by each class. This introduces some 
error in that each one-square mile area is limited to a single
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TABLE 3
Land Use Evapotranspiration Rates
Generalized Land Use Class ET (Ft/y) Coefficient
Sand/Loam 2.72 1) .70 1)Salt 2.43 2) .62 3)
Outwash 1.52 4) .60 3)Subalpine/Alpine 1.31 5) .70 3)
Wet 3.94 2) . 66 3)
Mixed Conifer 1.41 6) .74 3)Rocky 1.65 4) .55 3)Cottonwoods/Willows 5.44 7) .62 3)
Aspen 1.57 5) .75 3)
Pinyon/Juniper 1.64 8) .68 3)Spruce/Fir 1.25 5) .75 3)
Nat'l Plants 1.61 9) . 65 3)(mtn. areas) 2.49 10) .60 3)
Irrigated Cropland 2.62 11) .76 11)Urban/Developed 2.46 12) .70 12)
Recreational Land 2.72 1) .70 1)Water 4.27 13) .69 1)
(1) Kohler, 1959
(2) Harr and Price, 1972
(3) Hearne and Dewey, 1988
(4) Shown et. al., 1972
(5) Brown and Thompson, 1965
(6) Leaf, 1975
(7) Weeks and Sorey, 1973
(8) Gifford, 1975
(9) Young and Blaney, 1942
(10) Kruse and Haise, 1974
(11) Blaney and Criddle, 1962
(12) Average of irrigated and non-irrigated lands
(13) Class A pan evaporation
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land use class. This error is considered to be minor given 
the overall size of the area and the regional scale of the 
source data.
An initial water budget was calculated from the 
information in Table 5. An annual evapotranspiration volume 
was calculated for each land use class using the following 
equation:
ET Rate * Coefficient * Area = Annual ET Volume
Separate volumes were calculated for areas inside the model 
area and those areas outside the model grid, but within the 
closed drainage basin. The mountain evapotranspiration 
volumes were subtracted from the mountain recharge components 
to provide net flux volumes for both the San Juan and Sangre 
de Cristo areas.
An annual volume of 1,057,546 acre-feet per year was 
calculated for the mountains. Within the model area, an 
annual evapotranspiration volume of 1,879,343 acre-feet per 
year was calculated based on the following equation:
ET Rate * Area = ET Volume per Land Use Item
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7.6 ARC/INFO - MODFLOW Linkage
GIS data layers were attributed with initial recharge, 
evapotranspiration and hydraulic conductivity estimates. GIS 
layer - model attribute relationships are defined in Figure 
30. The attributes were assigned to the respective GIS 
components.
Initially, the ARC/INFO coverages had polygon topology. 
To be coherent to MODFLOW, these data had to be rasterized 
(i.e., gridded). The extent of the grid file was clipped to 
the active grid boundary. However, ARC/INFO does not allow 
export of grid files. The GRIDLATTICE command in ARC/INFO 
converts a gridded coverage into a lattice file. This lattice 
file was exported as an ASCII file that could be directly used 
as a MODFLOW input array. Minimal editing was required to 
strip off the ARCEXPORT header information and to insert the 
MODFLOW array headers (Figure 31).
Grid cells rarely match precisely when summing rasterized 
coverages (ARC/INFO UNION command). This results in a number 
of sliver polygons. The ARC/INFO command ELIMINATE should be 
used to get rid of the sliver polygons. Failure to do this 
will produce a grid with too many cells, resulting in 
erroneous areal statistics.
ER-4226 84
ARC/INFO - MODFLOW LINKAGE STEPS
Attribute arc or polygon coverage 
with hydrologic attributes
I
Grid (rasterize) coverage 
at MODFLOW grid spacing 
(POLYGPOD)
I
Convert grid to lattice file for export 
(GRIDLATTICE)
I
Export lattice file 
(EXPORT)
T
Add MODFLOW header to 
array (exported lattice file) 
with text editor
Figure 31. Processing steps required to convert ARC/INFO
polygon or arc coverages to MODFLOW input arrays.
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7.6.1 Development of the MODFLOW Recharge Array
Precipitation, mountain flux, irrigation return flow, 
vertical upward leakage, and canal seepage were summed to 
provide input for a MODFLOW recharge array. Precipitation 
values were derived from climate data and were assumed to be 
constant across the valley floor. Mountain flux volumes were 
calculated for both the Sangre de Cristo and San Juan 
Mountains. Contributions from these mountain areas were 
equally distributed among the grid cells along the respective 
mountain fronts. Irrigation return flow was distributed among 
those grid cells corresponding to irrigated land (as defined 
by the Land Use data layer). Seepage estimates were assigned 
to grid cells containing irrigation canals (as defined by the 
Classified Drainage data layer). Vertical upward leakage 
estimates (from the shallow confined system to the unconfined) 
were assigned to grid cells along major structural features 
(as defined by the Major Structural Features data layer). 
Summation of these various components provided cel1-by-cell 
recharge estimates for a MODFLOW array.
7.6.2. Development of the MODFLOW Evapotranspiration Array 
The evapotranspiration array was similarly derived from 
the land use coverage. Land use and cover types were assigned 
ET rates using the values in Table 3. These values were then
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rasterized, clipped to the extent of the active grid nodes, 
converted to a lattice, and exported into an ASCII array for 
use as the evapotranspiration module of MODFLOW.
7.6.3 Development of the MODFLOW Block Centered Flow Array 
The block centered flow module of MODFLOW requires the
input of an aquifer top and bottom. The top of the aquifer 
was set equal to the topographic surface. The bottom of the 
aquifer was defined as the ground surface minus 70 feet. The 
unconfined aquifer in the northern part of the valley ranges 
in thickness from 40 to 100 feet. For this study, an average 
aquifer thickness of 70 feet was assumed. Since the 
potentiometric surface roughly mirrors the topography in the 
valley, this 70 foot thickness was subtracted from the DEM 
topographic surface to provide an aquifer bottom elevation. 
The information was gridded, clipped, converted to a lattice, 
and exported to an ASCII file for use in the block centered 
flow module input array.
7.6.4 Development of the MODFLOW Permeability Array 
Mapped soil units were attributed to provide hydraulic
conductivity data for numerical modeling input. Soils data 
were used to derive hydraulic conductivity values due to the 
representation of parent materials. Hydraulic conductivity
ER-4226 87
values were assigned for each hydrologic soil group according 
to the USDA classification. Generalized soils groups with 
their respective hydraulic conductivity values and hydrologic 
soils groups are listed in Table 4.
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Table 4
Soil Associations with Attributes
















Cotopaxi-Dune Land A 7000
Big Blue-Gerrard D 1750
Hooper-Hagga-Hapney D 1750
San Luis-Laney B 5250
Travelers-Garita-Rock Outcrop B 5250
Comodore-Uracca-Rock Outcrop B 5250
Seitz-Bushvalley-Rock Outcrop C 3500
Hopkins-Cheadle-Parlin C 3500
Bushvalley-Gelkie-Tellura C 3500
1 Soil associations interpreted from USDA (1973, 1980, 1984).
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7.7 Calibrated Model Results
The relative thinness of the unconfined alluvial aquifer, 
compared to the lateral extent and total saturated thickness 
of the system, and the steep gradient of the potentiometric 
surface, caused the calibration to be tedious. The model was 
calibrated to discharge zones that contained lakes of known 
elevation. Model control was exerted in the form of constant 
head nodes at these locations, thus defining the 
potentiometric surface at these locations. A map of the 
calibrated potentiometric surface is provided in Figure 32. 
Problems during calibration included "shelf-type” topographic 
effects that are commonly encountered when using one-degree 
DEM data in flat areas. These problem areas were manually 
corrected using topographic maps of the valley floor as 
definitive data. Additional adjustments had to be made to 
aquifer bottom elevations along the perimeter of the model 
area. This is due to the one-mile grid spacing and the steep 
topographic gradient around the valley edges. At one-mile 
increments, the slope of the mountain fronts creates an overly 
steep gradient at the valley edges (Figure 33) . Additionally, 
the unconfined aquifer is not as close to the surface within 
the valley-margin alluvial fan areas. To compensate, the 
aquifer bottom was flattened out along the valley sides, 






















E R - 4 2  2 6 90
\ \ (A  ■ v  t \ 0 \  \ \ \ '
BlISlS
Figure 32. Calibrated potentiometric surface of the
unconfined alluvial aquifer of the northern San 
Luis Valley.
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Figure 33. MODFLOW grid overlain onto topography (DEM).
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topographic surface. These same problems prevented the 
calculation of a depth-to-water map between the land surface 
and the potentiometric surface.
Starting head values could not be defined at or near the 
topographic surface due to: 1) problems with the DEM data on
the valley floor and along the mountain fronts, and 2) the 
thinness of the aquifer. As the model iterates, the head 
values are overestimated and underestimated until convergence 
occurs. Problems are encountered with thin aquifers in that 
values may be estimated below the bottom of the aquifer. This 
results in a dry node that cannot be resaturated within 
MODFLOW. The problem is accentuated when the starting head is 
specified near the elevation of the aquifer bottom.
The selection of discharge zones as constant head sites 
required that all constant head contribution be represented as 
evapotranspiration. When using natural system parameters as 
sources for model input, evapotranspiration for these 
discharge areas tends to be underestimated. This is mainly 
attributable to presence of the potentiometric surface at or 
very near the ground surface. The evapotranspiration rate in 
these areas approaches pan evaporation (Hearne and Dewey, 
1988) . The volume of water removed by the constant head nodes 
represents this enhanced evapotranspiration.
The water budget for the unconfined alluvial aquifer in
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the northern San Luis Valley totals 1,545,870 acre-feet per 
year. An itemized budget is provided in Table 5. This 
evapotranspiration volume is some 20% less than the volume 
determined by the analytical calculations (ET Rate * Area). 
Given the extreme variability of cover types, soil conditions 
and water availability, along with the regional nature of the 
original land use maps, this volume is considered to be an 
acceptable estimate. The analytical calculation step is 
useful in that it provides an independent, natural system- 




Water Budget for the Unconfined Aquifer System of 
the Northern San Luis Valley, Colorado
Budget Components Volume (ac-ft/y) % of Total
Inflow Components:
Precipitation 616,899 39.9
Mtn Flux - San Juan Mountains 241,338 15.6
Sangre de Cristo Mountains 171,459 11.2
Vertical Upward Leakage 266,200 17.1
Canal Seepage 57,710 3.7
Irrigation Return Flow 192,264 12.4
Total In: 1,545,870 100.0
Outflow Components:
Evapotranspiration 1,545,870 100.0
Total Out: 1,545,870 100. 0
Drainage Basin Areas:
San Juan Mountains 1074 mi2
Sangre de Cristo Mountains 303 mi2
Active Model Area 1565 mi2




The objective of this study was to conceptualize and 
analyze the hydrologic flow system of the unconfined alluvial 
aquifer in the northern San Luis Valley, Colorado using 
geographic information system (GIS) database management and 
visualization techniques. A hydrologically oriented GIS 
database was constructed and used for development of the 
conceptual flow system model. The information in the 
database, coupled with published data, was used to derive 
natural system-based hydrologic model parameters. Derived 
parameters were input into MODFLOW for a two-dimensional, 
finite-difference simulation of this unconfined system. The 
results of this study can be broken out into two categories: 
1) site-specific contributions regarding the unconfined 
alluvial aquifer system of the northern San Luis Valley, 
Colorado, and 2) general contributions to directly link GIS- 
managed data and numerical hydrologic models.
Site-specific results include a detailed water budget for 
the unconfined alluvial aquifer system of the northern San 
Luis Valley. Previous hydrologic models in this area have 
produced water budgets for the combined shallow system
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(confined and unconfined). For this study, a separate budget 
for the unconfined aquifer was developed. Recharge components 
include canal seepage, vertical upward leakage, irrigation 
return flow and precipitation. Evapotranspiration rates were 
specified for 16 separate land use classes.
In addition to the hydrologic budget information for the 
northern San Luis Valley, distribution statistics were
compiled for each data layer including geology, land use, 
drainage, and soil associations. Distribution statistics
include minimum area, maximum area and frequency.
A water budget of 1,545,870 acre-feet per year was 
calculated for the unconfined alluvial aquifer. This budget 
represents the 2942 square mile topographically closed 
drainage basin of the northern San Luis Valley. An
analytically derived evapotranspiration volume was compared 
with the volume calculated by the model. The model volume was 
approximately 20% less than the analytically derived volume. 
This discrepancy is attributable to the variability of cover 
types, soil conditions, and water availability, along with the 
regional scale of the original land use maps. The
analytically derived volume is an independent, natural system- 
based check of the model results. The model results support 
the usefulness of estimating of hydrologic parameters from 
natural system data. Hydraulic conductivity values were
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derived from hydrologic grouping information provided by USDA 
Soil Surveys. The relative distribution of hydraulic 
conductivity values affected the model results to a greater 
degree than the absolute hydraulic conductivity values.
One of the primary objectives of this study was to 
directly link a GIS database with a numerical hydrologic 
model. This was accomplished by the development of a five- 
step procedure to link ARC/INFO data with MODFLOW. The 
resultant procedure is as follows: 1) attribute arc or
polygon coverage with hydrologic parameters, 2) grid 
(rasterize) the coverage at MODFLOW grid spacing, 3) convert 
the grid file to a lattice file for export, 4) export the 
lattice file from ARC/INFO to ASCII, and 5) add a MODFLOW 
header to the exported file. This procedure will create a 
MODFLOW input array from information stored in an ARC/INFO 
database. The development of a direct linkage between the 
ARC/INFO data and MODFLOW resulted in: 1) an increased level
of accuracy and detail due to the spatial registration of all 
the data and, 2) the elimination of manual cell-by-cell data 
input.
Georeferenced data layers were constructed using 
ARC/INFO. Multiple data sets were combined, related, and 
analyzed. Direct export of arrays from ARC/INFO for use as 
MODFLOW input eliminated many hours of tedium while providing
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a level of spatial control otherwise unavailable. Further, 
the database management functions within ARC/INFO allowed 
rapid construction of the numerous input arrays necessary for 
testing alternate hypotheses.
Recommendations for future work include the development 
of better methods for extracting regional evapotranspiration 
rates from localized measurements. Additional studies to 
separate mountain recharge contributions for the confined and 
unconfined systems are needed, as are more numerous and more 
accurate vertical upward leakage measurements. These 
additional data should be incorporated into a three- 
dimensional model to more accurately simulate the hydrologic 
system in the topographically closed basin of the northern San 
Luis Valley. Future models may include starting head 
elevations based on well data and lakes. By modeling in three 
dimensions, the dry-node problems encountered during 
calibration may be avoided. The specification of controlled 
starting heads will allow residuals to be calculated between 
starting and final heads. Sensitivity analyses can be 
conducted to determine how varied input parameters affect the 
resulting head values.
Recommendations for future work in the software domain 
include the development of additional code to more smoothly 
link a GIS database and MODFLOW. Work is needed on both pre-
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and post-processing (i.e., to move the data from ARC/INFO to 
MODFLOW and vice versa). At present, use of several ARC/INFO 
utilities can provide a MODFLOW input array. However, to 
bring the MODFLOW results back into ARC/INFO (or any other 
visualization package) is more difficult. The contouring 
algorithm in the current version of ARC/INFO (Version 5.0.1) 
did not perform to an acceptable level for potentiometric 
surface mapping. It is recommended that the head data from 
MODFLOW be imported into a surficial modeling package for 
gridding and contouring. CPS-3 (Radian Mapping Corporation) 
was used for this study and contains a number of excellent 
gridding algorithms.
Currently, to move data from a MODFLOW output file to any 
of these visualization packages requires several editing and 
data reformatting steps. Software to eliminate (or automate) 
these editing and reformatting processes would be beneficial. 
Finally, the development of code to expedite the visualization 
process would encourage the development and testing of 
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APPENDIX A
Explanation of Geologic Symbols with Distribution
Geology classifications are from the 1:500,000 scale 
"Geology of Colorado" map (Tweto, 1979). Spatial statistics 
are derived from ARC/INFO polygon coverage. Area represents 
the sum of all polygons of a particular class. Similarly, 
minimum, maximum and frequency refer to polygons of a 
particular class.
Area units = square meters
Qa Quaternary Modern Alluvium - Includes Piney Creek 
Alluvium and younger deposits
AREA = 7.9292E+07
MIN = 2.7036E+06 MAX = 4.4396E+07 FREQ = 5
Qg Quaternary Gravels and Alluviums (Pinedale and Bull Lake 
Age) - Includes Broadway and Louviers Alluviums
AREA = 5.8680E+08
MIN = 2.9252E+08 MAX = 2.9428E+08 FREQ = 2
Qgo Quaternary Older Gravels and Alluviums (Pre-Bull Lake
Age) - Includes Florida, Bridgetimber and Bayfield 
Gravels
AREA = 2.9818E+07
MIN = 2.3639E+06 MAX = 1.8079E+07 FREQ = 3
Qe Quaternary Eolian Deposits - Includes dune sand and silt 
and Peoria Loess
AREA = 4.4089E+08
MIN = 5.9519E+06 MAX = 3.8118E+08 FREQ = 3
Qd Quaternary Glacial Drift of Pinedale and Bull Lake 
Glaciations - Includes some unclassified glacial 
deposits
AREA = 1.5615E+07
MIN = 5.3288E+03 MAX = 8.2384E+07 FREQ = 16
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Q1 Quaternary Landslide Deposits - Locally includes talus, 
rock-glacier and thick colluvial deposits
AREA = 7•9557E+07
MIN = 2.8743E+06 MAX = 2.9776E+07 FREQ = 10
QTsa Quaternary and Late Tertiary Unclassified Surficial 
Deposit and Underlying Alamosa Formation (Gravel, Sand 
and Silt) in the San Luis Valley
AREA = 2.9343E+09
MIN = 2.9343E+09 MAX = 2.9343E+09 FREQ = 1
Td Tertiary Dry Union Formation - Siltstone, sandstone and 
conglomerate
AREA = 1.5614E+07
MIN = 1.5614E+07 MAX = 1.5614E+07 FREQ = 1
Ts Tertiary Sante Fe Formation - Siltstone, sandstone and 
conglomerate
AREA = 3.4423E+07
MIN = 8.6068E+05 MAX = 2.7020E+07 FREQ = 4
Tbb Tertiary Basalt Flows and Associated Tuff, Breccia and 
Conglomerate of Late-Volcanic Bimodal Suite (Age 3.5 - 
26 M.Y.) - Includes basalts of Hinsdale Formation in 
San Juan Mountains, Servilleta Formation in San Luis 
Valley
AREA = 2.6616E+07
MIN = 3.5131E+05 MAX = 9.5536E+06 FREQ = 7
Taf Tertiary Ash-Flow Tuff of Main Volcanic Sequence (Age in 
San Juan Mountains 26-30 M.Y.)
AREA = 8•2403E+08
MIN = 6.3206E+05 MAX = 4.2146E+08 FREQ = 25
Tpl Tertiary Pre-Ash-Flow Andesitic Lavas, Breccias, Tuffs 
and Conglomerates (General Age 30-35 M.Y.)
AREA = 1.5002E+09
MIN = 7.8073E+03 MAX = 8.5588E+08 FREQ = 19
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Tial Tertiary Intra-Ash-Flow Andesitic Lavas 
AREA = 8.3068E+07
MIN = 6.1317E+05 MAX = 2.5635E+07 FREQ = 12 
Tiql Tertiary Intra-Ash-Flow Quartz Latitic Lavas 
AREA = 1.0931E+07
MIN = 3.5139E+06 MAX = 7.4169E+06 FREQ = 2
Tmi Middle Tertiary Intrusive Rocks (Age 20-40 M.Y.) - 
Intermediate to felsic compositions
AREA = 1.3573E+08
MIN = 2.4416E+05 MAX = 5.2383E+07 FREQ = 15
KJdm Cretaceous and Jurassic Dakota and Morrison Formations 
AREA = 1.1403E+07
MIN = 1.1176E+06 MAX = 4.4174E+06 FREQ = 4
PPs Permian and Pennsylvanian Sangre de Cristo Formation - 
Arkosic conglomerate, sandstone and siltstone
AREA = 1.4719E+08
MIN = 4.8577E+06 MAX = 1.2837E+08 FREQ = 3
Pmb Pennsylvanian Minturn and Belden Formations - Arkosic
sandstone conglomerate, shale and limestone. Includes 
Madera and Sharpsdale Formations in Sangre de Cristo 
Range
AREA = 1.1278E+07
MIN = 7.9072E+05 MAX = 7.6958E+06 FREQ = 3
MDO Pre-Pennsylvanian Paleozoic Leadville Limestone, 
Williams Canyon Limestone and one or more Ordovician 
Formations: Fremont Limestone, Harding Sandstone and
Manitou Limestone
AREA = 3.5373E+07
MIN = 2.6862E+04 MAX = 1.2287E+07 FREQ = 14
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Or One or more Ordovician Formations - Fremont Limestone, 
Harding Sandstone and Manitou Limestone
AREA = 1•9066E+06
MIN = 1.9066E+06 MAX = 1.9066E+06 FREQ = 1
Yg Precambrian Granitic Rocks of 1400 M.Y. Age Group - 
Includes Silver Plume, Sherman, Cripple Creek, St. Kevin, 
Vernal Mesa, Curecanti, Eolus and Trimble Granites or 
Quartz Monzonites; also San Isabel Granite and unnamed 
granitic rocks
AREA = 4.3871E+07
MIN = 7.5064E+06 MAX = 3.6365E+07 FREQ = 2
Xfh Precambrian Felsic and Hornblendic Gneisses, Either
Separate or Interlayered - Includes metabasalt, 
metatuff, and interbedded graywacke; locally contains 
interlayered biotite gneiss. Derived principally from 
volcanic rocks
AREA = 3.0662E+08
MIN = 2.0853E+05 MAX = 1.3068E=08 FREQ = 19
Xg Precambrian Granitic Rocks of 1700 M.Y. Age Group -
Includes Boulder Creek, Cross Creek, Denny Creek, 
Kroenke, Browns Pass, Powderhorn, Pitts Meadow, Bakers 
Bridge and Tenmile Granites, Quartz Monzonites or 
Granodiorites; also unnamed granitic rocks
AREA = 1•0929E+08
MIN = 4.5182E+06 MAX = 5.9973E+07 FREQ = 7
Xm Precambrian Mafic Rocks of 1700 M.Y. Age Group - Gabbro
and mafic diorite and monzonite
AREA = 2.0817E+07
MIN = 4.7040E+05 MAX = 1.0569E+07 FREQ = 5
Xb Precambrian Biotitic Gneiss, Schist and Migmatite -
Locally contains minor hornblende gneiss, calc-silicate 
rock, quartzite and marble. Derived principally from 
sedimentary rocks
AREA = 3.6896E+06
MIN = 3.6896E+06 MAX = 3.6896E+06 FREQ = 1
ER-4226 110
APPENDIX B
Land Use Classifications with Distribution
Group classifications are from USDA 1:126,720 scale "Land 
Use and Natural Plant Communities" map series. Spatial 
statistics are derived from ARC/INFO polygon coverage. Area 
represents the sum of all polygons of a particular class. 
Similarly, minimum, maximum and frequency refer to polygons of 
a particular class.
Area units = square meters.
LAND USE CLASSES (# = 6)
Irrigated Cropland
AREA = 1•33938E+09
MIN = 5.0052E+04 MAX = 1.0093E+09 FREQ = 28
Natural Plant Communities 
AREA = 1.9719E+09
MIN = 5•4982E+04 MAX = 1.2118E+08 FREQ = 97
Recreation Land
AREA = 1.5467E+08
MIN = 5.2679E+06 MAX = 1.2853E+08 FREQ = 3
Subdivision Under Construction 
AREA = 8•6909E+07
MIN = 4.42015E+05 MAX = 3.9442E+07 FREQ = 18
Urban Areas
AREA = 1.0530E+07
MIN = 3.0326E+05 MAX = 4.0145E+06 FREQ = 11
Water Areas
AREA = 8.3035E+06
MIN = 3.1412E+05 MAX = 2.0093E+07 FREQ = 8
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RANGE CLASSES (# = 21)
Alkali Overflow
AREA = 2.5754E+06 
MIN = 9.2756E+05
Alpine Meadows
AREA = 1.4620E+06 
MIN = 9.7300E+04
Alpine Slopes
AREA = 8.3639E+07 
MIN = 4.3789E+05
Basalt Hills
AREA = 4.3553E+07 
MIN = 5•9754E+05
Chico Land








AREA = 1.9864E+08 
MIN = 8.7456E+05 MAX = 1.2712E+08
Foothill Loam
AREA = 5.6745E+06 
MIN = 2.3500E+06 MAX = 3.3245E+06
Foothill Sands
AREA = 6.8045E+07 
MIN = 3.1412E+05 MAX = 2.0093E+07
Limy Bench
AREA = 5.8322E+07 












AREA = 2.7214E+06 
MIN = 2.7214E+06 MAX = 2.7214E+06
Mountain Loam
AREA = 4.8197E+07 
MIN = 2•3809E+07
Mountain Loam (10”-14”)
AREA = 9.7623E+07 
MIN = 6.9774E+06
Mountain Outwash






AREA = 2.0216E+07 
MIN = 7.7703E+05 MAX = 5.5995E+06
Salt Flats
AREA = 4.6177E+08 
MIN = 2.6410E+05 MAX = 2.1805E+06
Sand Hummocks
AREA = 1•1229E+06 
MIN = 8.6244E+04 MAX = 1.0367E+06
Sandy Bench
AREA = 5.3834E+07 
MIN = 3.6907E+05 MAX = 2.7045E+07
Shallow Loam
AREA = 3.2263E+06 












AREA = 2.0182E+07 
MIN = 1.3935E+06
Valley Sands
AREA = 2.3793E+07 
MIN = 9.9328E+04
Wet Meadow
AREA = 2•1184E+06 
MIN = 2.1184E+06
WOODLANDS (# = 13)
Alpine Rockland
AREA = 1.4902E+08 
MIN = 7.7827E+05
Aspen
AREA = 2.0777E+08 
MIN = 4.7562E+05
Cottonwoods - Willows
AREA = 1.3577E+06 
MIN = 1.3577E+06
Douglas Fir


















MIN = 1.0240E+05 MAX = 1.6737E+06 FREQ
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Lodgepole Pine
AREA = 1.3 670E+08
MIN = 3•3460E+06 MAX = 9.9477E+07 FREQ = 5
Mixed Conifers and Aspen 
AREA = 1.7399E+08
MIN = 6.6032E+05 MAX = 4.5120E+07 FREQ = 7
Mixed Conifers and Rockland 
AREA = 4.1815E+08
MIN = 5.0740E+05 MAX = 1.5465E+08 FREQ = 18
Pinyon - Juniper
AREA = 4.2615E+07
MIN = 1.7224E+05 MAX = 3.3225E+07 FREQ = 5
Ponderosa Pine - Douglas Fir 
AREA = 2.2058E+08
MIN = 1.0874E+06 MAX = 6.2667E+07 FREQ = 18
Ponderosa Pine, rocky 
AREA = 7•2324E+07
MIN = 6.5861E+05 MAX = 4.2928E+07 FREQ = 7
Rock Outcrop
AREA = 3•2468E+06
MIN = 3.2468E+06 MAX = 3.2468E+06 FREQ = 1
Spruce - Fir
AREA = 7.0373E+08
MIN = 5•6237E+04 MAX = 3.2339E+07 FREQ = 28
114
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MIN = 7.2411E+06 MAX = 9.2299E+07








MIN = 1.9494E+06 MAX = 2.7884E+07
Mountain Loam 50%
Ponderosa Pine - Douglas Fir 50%
AREA = 2.7854E+07
MIN = 5.3998E+06 MAX = 1.1948E+07













AREA = 2.3111E+08 





MIN = 4.1181E+06 MAX = 4.9674E+07 FREQ = 6
Salt Flats 60%
Chico Land (Gravelly) 40%
AREA = 2•5568E+06









MIN = 6.2645E+05 MAX = 9.8064E+07 FREQ = 14
Sand Hummocks 30%


















MIN = 1•4084E+06 MAX = 1.0222E+08 FREQ = 13
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APPENDIX C
Generalized Soils Associations with Distribution
The generalized soils associations were derived from 
three soil survey report published by the U.S. Department of 
Agriculture, Soil Conservation Service: Alamosa County Area
(1973), Rio Grande County Area (1980) and the Saguache County 
Area (1984). General soils maps represent areas that have 
distinctive patterns of soils, relief and drainage. Each unit 
reflects a unique natural landscape. Typically a map unit 
consists of one or more major soils and some minor soils. 
These soils associations were further generalized to provide 
map units that were consistent across county lines.
Spatial statistics are derived from ARC/INFO polygon 
coverage. Area represents the sum of all polygons of a 
particular class. Similarly, minimum, maximum and frequency 
refer to polygons of a particular class.
Area units = square meters
Big Blue-Gerrard
AREA = 3.1019E+08
MIN = 1.7932E+07 MAX = 1.5653E+08 FREQ = 3
Bushvalley-Gelkie-Tellura 
AREA = 8.8834E+07
MIN = 8.8834E+07 MAX = 8.8834E+07 FREQ = 1
Comodore-Uracca-Rock Outcrop 
AREA = 2.2287E+08
MIN = 2.2287E+08 MAX = 2.2287E+08 FREQ = 1
Cotopaxi-Dune Land
AREA = 2.4441E+08




MIN = 7.0207E+05 MAX = 1.1608E+08 FREQ = 3
Gunbarrel-Mosca-San Luis 
AREA = 4.4596E+08
MIN = 4.4596E+08 MAX = 4.4596E+08 FREQ = 1
Hapney-Hooper-Corlett 
AREA = 6.5392E+07
MIN = 6.5392E+07 MAX = 6.5392E+07 FREQ = 1
Hooper-Corlett-Arena-San Luis 
AREA = 7.1719E+08
MIN = 7.1719E+08 MAX = 7.1719E+09 FREQ = 1
Hooper-Hagga-Hapney
AREA = 5.6731E+08
MIN = 1.5599E+08 MAX = 4.1131E+08 FREQ = 2
Hopkins-Cheadle-Parlin 
AREA = 2.3605E+08
MIN = 2.3605E+08 MAX = 2.3605E+08 FREQ = 1
Luhon-Garita-Travelers-Uracca-Mt. Home-Comodore 
AREA = 5.8873E+08
MIN = 1.4937E+07 MAX = 1.7757E+08 FREQ = 7
McGinty-Gunbarrel-Norte-Quamon-San Arcacio 
AREA = 2.2807E+08




MIN = 1.4378E+08 MAX = 2.5352E+08 FREQ = 2
Seitz-Bushvalley-Rock Outcrop 
AREA = 1.9882E+08
MIN = 4.0488E+06 MAX = 6.3666E+08 FREQ = 8
Travelers-Garita-Rock Outcrop 
AREA = 3.0262E+08
MIN = 5.6251E+06 MAX = 2.0282E+08 FREQ = 3
Torrifluvents-Torisdo-Alamosa-Vastine-Alluvial 
AREA = 2.3772E+06
MIN = 2.3772E+06 MAX = 2.3772E+06 FREQ = 1
ER-4226 121
APPENDIX D 
Hydrologic Soil Group Criteria
Hydrologic soil groups are used by the USDA Soil 
Conservation Service to estimate runoff from precipitation. 
The soils are grouped according to intake of water when the 
soils are completely saturated and receive precipitation from 
long duration storms. Considered soils properties include 
depth to water table, water intake rate, permeability after 
prolonged wetting and depth to confining layer. The influence 
of present ground cover is not used in identifying hydrologic 
groups, but is considered in the hydrologic watershed 
evaluation.
Soils are classified into four groups (A, B, C, D) . USDA 
Soil Conservation Service criteria are:
GROUP A - Soils having a high infiltration rate (low 
runoff potential) when thoroughly wet. These consist mainly 
of deep, well to excessively drained sands or gravelly sands. 
These soils have a high rate of water transmission.
GROUP B - Soils having a moderate infiltration rate when 
thoroughly wet. These consist chiefly of moderately deep or 
deep, moderately well to well drained soils that have a 
moderately fine to moderately coarse texture. These soils 
have a moderate rate of water transmission.
GROUP C - Soils having a slow infiltration rate when 
thoroughly wet. These consist chiefly of soils having a layer 
that impedes the downward movement of water or soils of 
moderately fine to fine texture. These soils have a slow rate 
of water transmission.
GROUP D - Soils having a very slow infiltration rate 
(high runoff potential) when thoroughly wet. These consist 
chiefly of clays that have a high shrink-swell potential, 
soils that have a permanently high water table, soils that 
have a claypan or clay layer at or near the surface and soils 
that are shallow over nearly impervious material.
